The response regulator DegU is involved in various late-growth developmental processes in Bacillus subtilis, including the production of degradative enzymes and the development of genetic competence. DegU is essential for the expression of the competence transcription factor, encoded by comK. ComK is required for the transcription of genes encoding the DNA uptake and integration machinery, as well as for the transcription of its own gene. We have purified DegU to study its role in the expression of comK, and we demonstrate here that DegU binds specifically to the comK promoter. The binding of the response regulator DegU to a promoter target had not been reported previously. DNase I protection analyses show that the DegU binding site overlaps with the ComK binding site, and gel retardation experiments indicate that DegU strongly stimulates the binding of ComK to the comK promoter. We propose that DegU functions at the initiation of competence development, when ComK concentrations are insufficient to support comK transcription, by facilitating ComK binding to the comK promoter. DegU therefore acts as a priming protein that primes the autostimulatory transcription of comK. Such priming activity adds a function to the class of response regulator proteins.
T o respond to environmental changes, bacteria employ elaborate sensory and regulatory systems. Members of the family of two-component regulatory systems play a major role in these sensory processes. These signal transduction systems consist of an autophosphorylating histidine protein kinase, which responds to a specific signal by transferring a phosphoryl group to its cognate response regulator, generally a transcription factor (1) . The soil bacterium Bacillus subtilis responds to environmental signals by differentiating into cells competent for genetic transformation. Genetic research has established that the development of competence requires the activity of several response regulators, including DegU.
In a B. subtilis culture the development of competence is typically initiated toward the end of exponential growth, and is optimal in minimal medium with glucose as the carbon source. A sufficiently high cell density is another prerequisite for optimal competence. Environmental signals are interpreted by a complex signal transduction pathway, which ultimately leads to the synthesis of the competence transcription factor, encoded by comK (2) . ComK activates the transcription of the late competence operons (comC, -E, -F, and -G), encoding the DNA binding and uptake machinery, as well as the transcription of genes necessary for general recombination, such as recA and addAB. In addition, ComK is required for the expression of its own gene (3) (4) (5) .
Full induction of ComK requires the response regulator DegU (6, 7) . DegU, and the histidine protein kinase DegS, were originally identified as a two-component system involved in the synthesis of degradative enzymes in B. subtilis (8, 9) . Certain mutations in degU or degS result in hyperproduction of degradative enzymes (Hy-phenotype), due to increased phosphorylation of DegU. Such mutations are pleiotropic, and, in addition to giving rise to the Hy-phenotype, prevent competence development. On the basis of the observation that hyperphosphorylation of DegU and inactivation of the degS-degU operon decreased competence, whereas inactivation of degS left competence unaffected, it has been suggested that unphosphorylated DegU is required for competence, whereas DegU-P activates the production of degradative enzymes. This suggestion was supported by the observation that the degU146 mutation, with an impaired phosphorylation site, had no effect on competence, but reduced degradative enzyme production (10, 11) . DegU contains a helix-turn-helix DNA binding motif and is therefore assumed to exercise its activity at the level of transcription.
During exponential growth, ComK is inactivated by the formation of a protein complex with MecA and the protease ClpCP, leading to the degradation of ComK. This complex is destabilized by ComS, a protein whose expression is cell density dependent (12) (13) (14) . The release of ComK from the complex protects ComK from degradation and activates comK transcription, thus initiating a positive autoregulatory loop. Mutations in mecA or clpC prevent the proteolytic degradation of ComK, as a result of which dramatically elevated levels of this protein accumulate even during exponential growth. In such mutants the DegU requirement for competence is bypassed, but ComK is still needed for its own synthesis (6, 15) . However, genetic studies have indicated that DegU is not involved in the MecA͞ClpCP-dependent regulation of ComK, and it has been suggested that DegU exerts its effect on ComK synthesis directly by means of the comK promoter (7). To test this suggestion, we have purified DegU and performed DNA binding experiments with comK promoter fragments. In this paper we demonstrate that DegU is able to bind specifically to the comK promoter, where it stimulates the binding of ComK. We suggest that DegU is needed to prime comK transcription when the ComK concentration is low. Activation by priming of an autostimulatory response is another way by which response regulators stimulate transcription.
Materials and Methods
General Methods and Materials. All molecular cloning and PCR procedures were carried out by using standard techniques (16, 17 Escherichia coli and B. subtilis have been described by Sambrook et al. (17) , and Venema et al. (18) . B. subtilis chromosomal DNA was purified as described by Venema et al. (18) .
Purification of DegU and ComK. The C-terminal His 6 -tag fusion to DegU was constructed by PCR cloning using primers DU1 (5Ј-CGT GGC CCA TGG CTA AAG TAA ACA TTG-3Ј) and DU2 (5Ј-ATA AGA TCT CAT TTC TAC CCA GCC-3Ј) (9) . These primers contain restriction sites for NcoI and BglII, respectively (underlined), which were used to clone DegU as a C-terminal His 6 -tag fusion, under regulation of an isopropyl ␤-D-thiogalactoside (IPTG)-inducible promoter, in the expression plasmid pQE60 (Qiagen). The resulting plasmid, pQDU, was used to synthesize DegU-His 6 fusion protein in E. coli.
To establish that the His 6 -tag fusion to DegU did not interfere with comK expression and competence development, the last 525 bp of the degU gene with the His 6 -tag fusion was cloned into pUC18 carrying a kanamycin-resistance cassette for selection in B. subtilis. This construct, pUDU, was used to transform B. subtilis BD1960 [comG:lacZ(amyE) (Cm R )], a derivative of IS75 (his leu met) to achieve a Campbell-type integration at the degU locus, which inactivated the resident degU gene and placed the degU-his 6 fusion under control of the degU promoter (13) . The dependence of expression of comG-lacZ, one of the late competence genes, was used to test whether the C-terminally His 6 -tag extension was not deleterious to competence development. Kanamycin-resistant colonies were found to have a DegU ϩ phenotype on 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (XGal) plates, and, when tested for competence development, exhibited no decrease in transformation efficiency.
To isolate DegU-His 6 , 1 liter LB medium supplemented with 100 g͞ml ampicillin and 0.2% glucose was inoculated with an overnight culture of E. coli strain M15 carrying pQDU and pREP4 (Qiagen). The culture was grown to OD 600 of 0.9, induced with 1 mM IPTG, and growth was continued for an additional hour at 37°C. Cells were collected by centrifugation and washed in buffer A (20 mM Tris⅐HCl, pH 8͞200 mM NaCl). Pellets were frozen and stored at Ϫ70°C. Pellets were resuspended in buffer B (20 mM Tris⅐HCl, pH 8͞200 mM NaCl͞ 0.25% Tween-20) supplemented with 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and cells were broken with a French press at 20,000 psi (138 MPa), and centrifuged for 20 min at 20,000 rpm (Beckman SW 41 Ti rotor). The supernatant was mixed with 2 ml of Ni-nitrilotriacetate (NTA) resin (Qiagen), equilibrated with buffer B, and stirred on ice for 1 hr. The mixture was loaded onto a chromatography column and washed with several column volumes of buffer B supplemented with 30 mM imidazole, and subsequently with buffer C (20 mM Tris⅐HCl, pH 8͞300 mM NaCl). The fusion protein was eluted with a 30-500 mM imidazole gradient in buffer C. To remove contaminating DNA, elution fractions containing the fusion protein were diluted 10-fold in buffer D [20 mM Tris⅐HCl, pH 8͞1 mM EDTA͞0.5 mM dithiothreitol (DTT)] and loaded onto a DEAESepharose column (Pharmacia) equilibrated with buffer D, and DegU was eluted with a 0-1 M NaCl gradient in buffer D.
ComK was purified as a maltose binding protein (MBP)-ComK fusion protein on an amylose (New England Biolabs) column and separated from MBP by cleavage with protease factor Xa as previously described (3). After cleavage was complete, Factor Xa was inactivated by the addition of 1 mM PMSF. To separate ComK from MBP and DNA, the protein mixture was loaded onto a DEAE-Sepharose column (Pharmacia) equilibrated with buffer D. MBP was eluted from the column with a 0-50 mM Na 2 SO 4 gradient in buffer D, and ComK was eluted with a 0-1 M KCl gradient in buffer D containing 50 mM Na 2 SO 4 , subsequently. Fractions were collected, and the Na 2 SO 4 concentration was increased to 100 mM, to prevent precipitation of ComK. Purifications were monitored by SDS͞PAGE, and fractions were checked for the absence of contaminating DNA by agarose-gel electrophoreses and ethidium bromide staining. Proteins were divided into aliquots and stored at Ϫ70°C.
Gel Retardation Analyses. Gel retardation analyses were carried out as described by Hamoen et al. (19) . The comK promoter region was isolated by PCR using primers K1 (5Ј-CCG GAA TTC AGA ATC CCC CCA ATG CC-3Ј) and K2 (5Ј-CGG GAT CCC AGT CTG TTT TCT GAC TCA TAT T-3Ј) and B. subtilis 168 chromosomal DNA as template. The resulting 325-bp fragment extends from Ϫ255 to ϩ54 relative to the transcriptional start of comK (20) , and was end-labeled with T4 polynucleotide kinase and [␥-32 P]ATP. Purified protein and approximately 0.05 ng͞l probe were premixed on ice in binding buffer [20 mM Tris⅐HCl pH 8͞100 mM KCl͞5 mM MgCl 2 ͞0.5 mM DTT͞10% (vol͞vol) glycerol with 0.05% Nonidet P-40 and 0.05 mg͞ml BSA], containing 0.05 g͞l poly(dI-dC) as competitive nonspecific DNA. After 20-min incubation at 37°C, samples were loaded on a nondenaturing 6% polyacrylamide gel. Gels were run in TAE buffer (40 mM Tris acetate, pH 8͞2 mM EDTA) at 7 V͞cm, using a Bio-Rad-minigel system, dried, and autoradiographed. The fraction of comK promoter fragments, retarded as a consequence of ComK binding, was estimated by film scanning with an LKB ultrascanXL laser densitometer.
Footprinting Analyses. DNase I footprints were obtained as described by Hamoen et al. (19) . The DNA probes were obtained by PCR amplification using primers K1 and K2 which were endlabeled by using [␥-32 P]ATP. Binding reactions were performed as for the gel retardation experiments, in a total volume of 40 l. DNA fragments containing approximately 100,000 cpm were added to each reaction mixture. After 20-min incubation at room temperature, 10 l of 10 mM CaCl 2 and 0.75 unit of DNase I were added, and after 1 min the reactions were terminated with 140 l of stop solution (192 mM sodium acetate͞32 mM EDTA͞0.14% SDS͞64 g/ml yeast tRNA). The samples were extracted with phenol͞ chloroform and precipitated with ethanol. The precipitates were resuspended in 3 l of loading buffer. The DNase I products were analyzed by electrophoresis on a 6% polyacrylamide͞urea gel. The resolution of the DNA sequence was enhanced by applying an electrolyte gradient during electrophoresis (16) . Maxam-Gilbert GϩA reactions were run with each experiment to locate sequence positions and protected regions (17) .
Results
DegU Binds Specifically to the comK Promoter. On the basis of genetic analyses, Hahn et al. (7) postulated that the response regulator DegU stimulates comK expression directly at the transcription level. To examine whether the comK promoter is a target for DegU, we purified the response regulator as a C-terminal His 6 -tag fusion protein. The addition of a C-terminal His 6 -tag did not interfere with competence development in B. subtilis, indicating that the in vivo activity of DegU is not impaired by the tag. A DNA fragment containing the comK promoter region was incubated with increasing concentrations of purified DegU. As documented in Fig. 1A , the comK promoter contains a specific binding site for DegU, which is supported by the fact that retardation occurs despite the presence of a large excess of nonspecific competing DNA [poly(dI-dC)]. Under the same conditions, DNA fragments containing the recA promoter displayed no DegU binding, although these fragments do bind ComK (4).
DegU Enhances ComK Binding. ComK itself activates the transcription of comK. It has previously been shown that ComK binds upstream of the comK transcription initiation site, where it presumably recruits the RNA polymerase (19) . Since DegU also binds to the comK promoter, we tested whether DegU might enhance the binding of ComK. As shown in Fig. 1B , when the comK promoter-containing DNA fragment was incubated with both ComK and DegU, a supershift was observed, compared with that caused by incubation with DegU or ComK alone. Apparently, the two proteins are able to bind to this promoter simultaneously. Moreover, the absence of an intermediately migrating band, at the position of the DegU-bound DNA fragment, suggests that DegU stimulates binding of ComK. This idea was substantiated by a gel retardation experiment in which the ComK concentration was varied in the presence or absence of a fixed amount of DegU (Fig. 2) . The resulting curves clearly indicate that DegU strongly stimulates ComK-dependent retardation.
DegU Binds Between the Two ComK Dimer Binding Sites. Recently, it has been shown that ComK operates as a double dimer, in which each dimer recognizes a dyad symmetrical consensus sequence (AAAAN 5 TTTT), the AT-box (19) . In the comK promoter, the distance between the two AT-boxes is 44 bp. Because DegU stimulates binding of ComK, it is likely that DegU binds in close proximity to at least one AT-box. To determine the location of DegU binding to the promoter fragment, we performed DNase I protection analyses with 32 P-labeled comK promoter fragments in the presence of DegU (Fig. 3) . For comparison, DNase I protection analyses were also performed in the joint presence of DegU and ComK, and in the presence of ComK alone. The resulting footprints are summarized in Fig. 4. Figs. 3 and 4 show that DegU protects the DNA region between the two AT-boxes. As the bases protected by DegU and ComK individually are almost the same as those jointly protected by the two proteins, neither of the proteins seems to displace parts of the other when both have bound to the DNA helix.
Cooperative Binding Is Not Mediated by Protein-Protein Interactions.
As DegU binds between the two ComK dimers, the facilitation of binding of ComK by DegU may be based on protein-protein interactions. Sogaard-Andersen and Valentin-Hansen (21) have shown that cooperative binding of the E. coli transcription factors CytR and cAMP receptor protein (CRP) to the deoP2 promoter is mediated by protein-protein interactions. When they abolished the CytR binding sequence, located between the two CRP binding sites of the deoP2 promoter, cooperative binding of both proteins was still observed. In contrast, when the DegU binding region between the AT-boxes of the comK promoter was replaced, we observed no stimulation of ComK binding in the presence of DegU. In addition, we performed affinity chromatography experiments with purified MBP-ComK and DegU-His 6 -tagged fusion proteins, and found that an affinity column loaded with MBP-ComK did not retard the elution of DegU-His 6 , nor did an affinity column loaded with DegUHis 6 retard the elution of ComK (data not shown). These results suggest that the DegU-stimulated binding of ComK is not based solely on protein-protein interactions.
DNA Binding Drugs Stimulate Binding of ComK.
On the basis of the distance between the ComK dimer binding sites, ComK-regulated promoters can be classified into three groups. In the recA and addAB promoters the two AT-boxes are separated by an interval of 21 nucleotides. Assuming 10.5 nucleotides per helical turn, this corresponds to two DNA-helix windings, as a result of which both ComK dimers are located at the same face of the DNA helix. This configuration has been shown to be a requisite for ComK tetramerization (19) . The second class of ComK-dependent promoters are those of the late competence genes, comC, -E, -F, and G, in which the AT-boxes are separated by a 31-nucleotide interval, corresponding to three helical turns. The comK promoter is the only known ComK-regulated promoter in which the separation of AT-boxes amounts to four helical turns (44-nucleotide interval). To form a tetramer, the two ComK dimers must span 44 bp. To overcome this distance, it is likely that the DNA helix must bend, and indeed it has been shown that ComK binding is accompanied by substantial bending of the DNA (19) . Possibly, DegU stimulates the interaction between the ComK dimers by inducing DNA bending. To determine whether DegU bends the comK promoter, we performed circular permutation analyses (22). However, no substantial bending of the comK promoter fragment was observed (data not shown).
DNA binding experiments in the presence of DNA binding drugs indicated that some of these enhanced binding of ComK. As shown in Fig. 5 , a micromolar concentration of actinomycin D stimulated the binding of ComK to the comK promoter. Of the different DNA binding agents tested, ethidium bromide showed a comparable effect (Fig. 5) . Actinomycin D as well as ethidium bromide is known to unwind the DNA helix by Ϫ26° (23, 24) . On the basis of the finding that these drugs simulate the increased binding of ComK by DegU, and since we found no evidence for protein-protein interactions between ComK and DegU, we hypothesize that DegU stimulates ComK binding by altering the shape of the DNA helix between the two AT-boxes, such that contact between the two ComK dimers is facilitated.
Discussion
The response regulator DegU is required for the synthesis of the competence transcription factor encoded by comK. In an attempt to understand the function of DegU in the regulation of competence, we purified the protein and examined whether DegU might be directly involved in the transcriptional control of comK.
In this study we show that DegU binds specifically to the comK promoter, which is, to our knowledge, the first reported DNA target for DegU. On the basis of this result we conclude that DegU is directly involved in the transcription of comK. In support of this conclusion we present compelling evidence that DegU stimulates ComK binding to its own promoter.
Synergistic binding of transcription-regulating proteins has been described for other prokaryotic systems, such as deoP2 repression by the E. coli CytR and CRP proteins (21) , and repression of the E. coli gal promoter by the concomitant binding of the GalR repressors and the bacterial histone-like protein HU (25) . To our knowledge, this is the first report in which a response regulator functions as an accessory protein to stimulate DNA binding of an essential transcription factor.
DNase I protection analyses revealed a 30-bp sequence as the DegU recognition site, located near position Ϫ80 relative to the transcription start site. Several DegU mutations result in increased transcription of aprE and sacB and hyperproduction of the enzymes encoded by these genes, subtilisin and levansucrase, respectively (11) . Upstream of aprE and sacB, Henner et al. (26) identified similar regions, possibly defining the binding site for DegUϳP. However this inference has never been supported by protein binding studies. Comparison between these regions and the DegU binding site of comK revealed no sequence similarity. Dartois et al. (27) aligned several more promoters whose activity is influenced by degU mutations, and they postulated a putative DegU-binding site with the nucleotide sequence AGAAN 11 TTCAG. Yet, also in this case, the DegU-binding site of the comK promoter showed no similarity. Centered within the DegU-protected region is a dyad with its arms positioned one turn of the helix apart (TACTAN 6 TAGTA). As no other DegU-binding DNA sequences have been confirmed by DNA-protein interaction studies, and no mutational analysis has been carried out, the significance of this dyad symmetrical sequence for DegU binding remains to be established.
ComK functions as a tetramer composed of two dimers, each recognizing the motif AAAAN 5 TTTT, defined as the AT-box. In the comK promoter the two AT-boxes are located 44 bp apart, and footprinting experiments showed that DegU binds between these two ComK dimer binding sites. We found no evidence that cooperative binding of ComK and DegU is based solely on proteinprotein interactions, and circular permutation analyses gave no support for a clear DegU-induced bending of the comK promoter, although, because of a relatively poor resolution of the circular permutation analyses, a slight degree of bending might have escaped our attention. However, the stimulating effect of micromolar concentrations of actinomycin D and ethidium bromide on ComK binding indicated that changing the winding angle of the comK promoter does stimulate the formation of ComK tetramers. These intercalating agents unwind the DNA helix by Ϫ26°, and unwinding of the DNA helix between the AT-boxes could optimize the phasing of AT-boxes (23, 24) . The separation of AT-boxes in other ComK-activated promoters amounts to 21 or 31 nucleotides, almost exactly 2 and 3 helical turns. As a result, both AT-boxes are positioned exactly at the same face of the DNA helix, which is essential for optimal dimer interaction. In the comK promoter the AT-boxes are separated by a 44-nucleotide interval, 2 nucleotides more than in the ideal case of 4 helical turns. As a consequence the AT-boxes are dislocated by about ϩ70°relative to the DNA helix axis. Partial unwinding the DNA could therefore restore optimal phasing of AT-boxes. In conclusion, we propose that DegU does not stimulate ComK binding by means of protein-protein contacts, but by diminishing the physical distance between the ComK dimers, and as such stimulating tetramerization of ComK on the comK promoter. DegU could achieve this by partial unwinding and possibly by slightly bending the DNA helix.
The comK promoter accommodates two additional transcription regulators: AbrB and CodY (L.W.H., M. Marahiel, and P. Serror, unpublished results; ref. 28) (Fig. 6) . AbrB represses various starvation-induced differentiation processes in B. subtilis, among which is competence development (29) . During the transition to the stationary growth phase levels of AbrB decline. CodY is involved in the nutritional repression of competence development (20) . With the conclusion that DegU regulation occurs at the level of comK transcription, the number of proteins acting at the comK promoter totals four. To our knowledge, such complexity has so far not been documented for prokaryotes. The possibility that DegU may act by antagonizing the repression by AbrB and CodY can be excluded on the basis of genetic data (7, 30) .
Inactivation of clpC or mecA by mutation strongly induces comK expression. In these mutants, DegU is no longer required for comK expression, yet ComK itself is still indispensable. Apparently, ComK is the main transcriptional activator of comK and, at sufficiently high concentrations, is able to function without DegU. The possibility that DegU functions independently as a transcriptional activator and stimulates the synthesis of low amounts of ComK, sufficient to start the autostimulatory ComK production, can be excluded, because no residual transcription activity from the comK promoter is observed when ComK is inactivated. We therefore propose that the main function of DegU in the development of competence is to stimulate binding of ComK at the onset of competence development, when the small amounts of ComK, released from the ComK͞MecA͞ClpCP complex by ComS, are insufficient for binding. As such, the response regulator DegU primes the autostimulatory comK transcription loop (Fig. 6) and plays a distinctive role as a regulatory priming protein, potentiating the binding of a transcription activator to its own promoter. 
